We study the spin orbit torque (SOT) and Dzyaloshinskii-Moriya interaction (DMI) in the dual-interfaced Co-Ni perpendicular multilayers. Through the combination of top and bottom layer materials (Pt, Ta, MgO and Cu), SOT and DMI are efficiently manipulated due to an enhancement or cancellation of the top and bottom contributions. However, SOT is found to originate mostly from the bulk of a heavy metal (HM), while DMI is more of interfacial origin. In addition, we find that the direction of the domain wall (DW) motion can be either along or against the electron flow depending on the DW tilting angle when there is a large DMI. Such an abnormal DW motion induces a large assist field required for hysteretic magnetization reversal. Our results provide insight into the role of DMI in SOT driven magnetization switching, and demonstrate the feasibility of achieving desirable SOT and DMI for spintronic devices.
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Current induced domain wall (DW) nucleation, fast DW motion [1] [2] [3] [4] [5] and highly efficient magnetization switching [6] [7] [8] have recently been reported in HM/FM heterostructures. The underlying mechanism responsible for these observations has been identified to be spin orbit torques (SOTs) which may arise either from the Rashba 6,9-12 and/ or spin Hall effect (SHE) 4, 5, 7 . SOTs have been also explored in exotic systems such as topological insulators 13, 14 and a two dimensional electron gas, LaAlO 3 /SrTiO 3 15 . Electrical currents flowing through heavy metal layers with strong spin orbit coupling, such as Pt and Ta, give rise to a torque on the magnetization of the FM layer, thus affecting the magnetization dynamics and switching the magnetic states. However, an external assist field (H assist ), parallel or anti-parallel to the electrical current, is necessary for deterministic current induced magnetization switching. A few studies [16] [17] [18] have been carried out to explore the role of the assist field in the switching process. It has also been reported that the Dzyaloshinskii-Moriya interaction (DMI) 19, 20 plays an important role in forming a Néel-type DW in thin magnetic multilayers, that can be driven efficiently by the SOT arising from the SHE 4, 5, 21, 22 . However, so far there has been little analysis of the DMI effect in the current induced switching process based on direct experimental observation. The correlation between the SOT and DMI lacks exploration.
Recently, large SOTs in Co-Pd multilayers 11 and chiral spin torque in Co-Ni wires 21, 23 have been reported, which may lead to a lower switching current density in future memory and logic devices based on SOT. There are several methods presented in literature to manipulate the efficiency of SOT, such as interface doping 12, 24 , change of the HM or FM material 5, [25] [26] [27] [28] , variation of the HM and FM thicknesses [29] [30] [31] and change of annealing conditions 30, 32 . In this work, we explore the possibility of combined SOT effect from top and bottom interfaces between HM and FM layers. We investigate the magnitudes of SOTs in MgO (2 nm)/Pt (4 nm)/Co (0.1 nm)/[Ni (0.1 nm)/Co (0.1 nm)] 4 /X with different capping layers (X = Pt, Ta, MgO, or Cu) as shown in Fig. 1(a) . In these systems, there are two HM/FM interfaces, bottom Pt/Co-Ni and top Co-Ni/X, which are utilized to generate SOT. Depending on the choice of capping layer X, one can expect an enhancement or cancellation of these two SOT contributions 26 , which provides an interesting prospect for obtaining larger SOT and efficient current-induced magnetization switching through a proper combination of materials in structure engineering. We observe that the net SOT effective field can be tuned by using dual interfaces (top and bottom) with different materials as the capping layer. The SOT strength depends on the relative sign of the SOTs produced by the two interfaces, resulting in a cancellation or enhancement of the net SOT effective fields.
As reported in recent works, the magnitude and sign of DMI can be changed by using different underlayer materials 23, 24, 33 and thus the induced Néel wall with different chiralities can be driven efficiently in different directions by the SHE 5, 21, 22 . We observe that the DMI in our devices varies with different capping layers, thereby proving the feasibility of effective DMI engineering by placing two materials with opposite DMI signs on opposite sides of a common FM layer. In addition, we experimentally reveal that a large negative DMI can result in abnormal current induced switching behaviors preventing full hysteretic magnetization reversal. This demonstrates the distinct roles played by the DMI and SOT in the current-driven switching, and indicates pathways towards the improvement of switching properties of these devices.
The Co-Ni multilayer system is utilized in our work because the interfacial perpendicular magnetic anisotropy (PMA) of Co-Ni expedites the structural engineering while maintaining PMA. The Co-Ni multilayer system 34 also provides a low damping and high spin polarization 35, 36 . All these properties make the Co-Ni multilayer system a suitable choice to carry out the studies of different capping layers. 
Results
SOT measurements. The SOT induced effective fields are measured by the ac harmonic technique 11, 29, 32, 37 and the measurement schematic is shown in Fig. 1(b) . A sinusoidal current (I ac ) with a magnitude of 10 mA and a frequency of 13.7 Hz is applied to the devices, and two lock-in amplifiers are used to measure the 1 st and 2 nd harmonic voltages across the Hall bar. The measurement results are shown in Fig. 1 Table 1 .
The MgO and Cu capped devices are found to have almost identical SOT effective fields, while the Pt capped device shows the smallest effective fields due to the cancellation of SOTs from bottom and top Pt layers. It must be noted that individual contribution to the total SOT from the bottom Pt (4 nm) and capping Pt layer (2 nm) is different, and thus the net SOT is non zero. The device capped with Ta, which has a large spin Hall angle with opposite sign as that of Pt, results in the largest effective field in both longitudinal (H L ) and transverse (H T ) directions. The extracted torque efficiency, or effective spin Hall angles 11 ,
are in the square brackets of Table 1 , where M S is the saturation magnetization and t F is the thickness of the Co-Ni layer. Similar to the effective fields, the Ta capped device shows the largest effective spin Hall angles. The above experimental results demonstrate the feasibility of tuning SOTs via dual-interfacial structures with different capping layers.
The magnitudes of SOT effective fields agree well with the current induced switching measurements in Fig. 2(a) , which show that the device with Ta capping has the lowest threshold current (I sw ) for switching ( Table 1) . The switching phase diagram in Fig. 2(b) shows that I sw gradually decreases as H assist increases in the MgO capped device. Cu or Pt capped devices also show a similar behavior to the MgO capped device (see Supplementary Fig. 4 ). However, a large longitudinal assist field (H assist ~ 1000 Oe) is indispensable for a hysteretic magnetic reversal in the device with Ta capping as shown in Fig. 2 (c). Incomplete switching is observed in Ta capped devices with a small assist field (~200 Oe) as shown in Fig. 2(a) . In order to quantify the DMI and its possible role in the observed abnormal switching process, we have carried out DW measurements.
DMI measurements. The DMI effective field (H DMI ) and DMI constant (D) are measured by studying the DW behavior in the creep region 38, 39 . As indicated in Fig. 3 (a), the DW in the film is driven by the out-of-plane component of the applied field, while the in-plane component breaks the rotational symmetry caused by the H DMI , facilitating the anisotropic domain expansion. Polar Kerr microscopy is deployed to image the asymmetric DW creep velocity along the direction of an applied in-plane field. The DW creep images in Fig. 3(b) are obtained by overlapping two DW images recorded by Kerr microscopy at different times. The domain distorts along the applied in-plane field with Pt capping, showing that the right hand side edge of the domain moves faster than the left edge. However, domain distorts in a direction opposite to that of applied field in Ta, MgO and Cu capped films, showing that the left edge has a higher creep velocity than the right edge. The opposite asymmetry suggests an inversed orientation of the magnetic moment within the DW, which is illustrated as green arrows in Fig. 3(b) . The chirality of DMI stabilizes right-handed Néel walls (↑ → ↓ or ↓ ← ↑ ) in the Pt capped film, and left-handed Néel walls (↑ ← ↓ or ↓ → ↑ ) in Ta, MgO, and Cu capped devices. It must be noted that the Néel walls in these systems are not always perfect as there is a competition between the longitudinal H DMI and DW anisotropy field 22 , of which the former tends to stabilize the Néel-type wall while the latter stabilizes the Bloch-type wall.
The anisotropy field H K and M S in the films with 4 different capping layers are measured for DMI calculation. As shown in Table 1 , considerable variations of M S are observed in different capping samples, indicating the presence of magnetically dead layers. To evaluate the impact of the capping layer on the dead layer, we have prepared samples with various Co/Ni thicknesses (t FM ) for 4 different capping layer films. The magnetization per unit area as a function of t FM is plotted in Fig. 4 . The magnetically dead layer thickness (t DL ) is extracted and summarized in Table 1 .
The DW creep velocity under the influence of an external in-plane field is measured as shown in Fig. 3 Three important implications can be drawn from the top/bottom interface contribution to SOT and DMI presented in Table 2 . First, by comparing the SOT data from the 1 st and 3 rd column, it is clear that the bottom Pt/Co interface contributes more to SOTs in the Pt/FM/Pt structure. Considering that the bottom Pt (4 nm) is thicker than the top Pt (2 nm), we can conclude that the bulk contribution from Pt is more important to SOTs in our system. Second, the DMI constant from the top FM/Pt interface (column 3) is about five times larger than that from the bottom Pt/FM interface (column 1), suggesting that the top FM/Pt interface dominates for DMI in the Pt/FM/Pt structure, even though the top Pt (2 nm) is thinner than the bottom Pt (4 nm). This gives an important clue that the DMI may be more closely related to the interfacial contributions. More importantly, the above results indicate that the SOT and DMI can be tuned separately by using different capping materials and their thickness. Third, the top FM/Ta and top FM/Pt interfaces show DMI constants with similar magnitudes but opposite signs. Our findings are different from some recent works 43, 44 , which show that the Pt/FM and Ta/FM interfaces give DMI constants with the same sign, and the Pt/FM interface gives much larger DMI constants compared to Ta/FM interface. The different DMI signs of Pt and Ta can be utilized for future large DMI engineering. Our work shows the feasibility of DMI enhancement by placing two materials with opposite DMI signs on a common FM layer. This capping layer engineering opens a window for structural engineering of DMI in ferromagnetic material systems, which can be utilized for future skyrmions studies.
Role of DMI in SOT current induced magnetization switching. We discuss the role of DMI in SOT induced magnetization switching based on experimental observations. It was recently proposed 16 that in nucleation driven magnetization reversal of inversion asymmetric heterostructures, the DMI field must be overcome by a large external magnetic field in order to enable spin Hall driven expansion of the nucleated domains in all directions. While such a scenario qualitatively explains the switching behaviors of Cu, MgO, and Pt capped systems, it fails to account for the case of Ta capped system. Figure 5(a,c) show a normal and abnormal SOT current induced switching in Cu (small DMI and small H assist ) and Ta capped (large DMI is not compensated by the small H assist ) devices with a 400 Oe assist field, respectively. The switching in the Ta capped device with a 1000 Oe assist field (large DMI is compensated by the large H assist ) is presented in Fig. 5(e) . For detailed analysis, the switching process is divided into several detailed steps marked with numbers from 1 to 5. Each switching step is imaged by Kerr microscopy as shown in Fig. 5(b,d,f) for the Cu (H assist = 400 Oe), Ta (400 Oe), and Ta (1000 Oe) cases, respectively. Now we focus on the interesting case [ Fig. 5(c) ] that shows the anhysteretic SOT switching, and we will explain the role of DMI in the SOT switching process in details. Figure 5(d) shows that the magnetization reversal occurs through propagation of a tilted DW along the electron flow (panels 1 and 2) until it reaches a strong pinning site at the exit of the Hall cross (panel 3). At this stage, the DW tilting almost vanishes and its depinning takes place against the electron flow (panel 4). The change of sign of the DW velocity between panel 3 and 4 holds the key to understand the absence of hysteresis for this system as seen in Fig. 5(c) , and indicates that a strong connection exists between the DW tilting and its direction of motion.
We first attempt to utilize previous understanding of chiral spin torque driven DW motion 4, 5, 16, 21, 22 in order to explain the DW motion along the current direction shown in the Ta capped case [panel 3-5 in Fig. 5(d) ] as follows. When a DW is created in the Ta capped magnetic wire [panel 3 of Fig. 5(d) ], the negative DMI constant in Ta capped device tends to stabilize a left-hand Néel wall (m x < 0) as shown in Fig. 6(a) . The longitudinal SOT effective field [H L , shown as small red arrows in Fig. 6(a) ] has a component along the + z direction and thus favors the up-alignment of the magnetic moments. This drives the DW along the current flow 5 and gives rise to the abnormal backward magnetization reversal, as shown in Fig. 5(d) . However, this explanation cannot cover the whole switching process of the Ta capped device.
The velocity of a tilted magnetic DW can be written as (see Supplementary section 6)
, where ψ is the azimuthal angle of the magnetization in the DW and χ is the tilting angle of the wall with respect to the transverse direction as indicated in Fig. 6(b) . The non-adiabatic torque is neglected due to the ultrathin thickness of the magnetic layer. Figure 6 (c) displays the calculated domain wall velocity as a function of the domain wall tilting for the case of Ta capping at H assist = 400 Oe (black symbols) and H assist = 1000 Oe (red symbols). The azimuthal angle of the magnetic moment in the center of the wall is given in the inset. It appears that the azimuthal angle ψ (see inset) changes sign when the tilting angle changes in the case of H assist = 400 Oe, while it remains positive in the case of H assist = 1000 Oe. As a result, the velocity remains negative (i.e. with the electron flow) in the case of H assist = 1000 Oe, while it changes sign when H assist = 400 Oe.
Hence, we can explain our data as follows. In the case shown in Fig. 5(d) , the tilting angle (χ) is large when the DW lies in the middle of the wire [panel 1 in Fig. 5(d) ] and the combination of the different fields results in sinψ > 0. Hence, the DW moves along the electron flow (∂ t q < 0). This situation corresponds to region 1 (blue shade) in Fig. 6(c) . When the tilting of the DW is reduced due to a strong symmetric pinning [panel 3 in Fig. 5(d) ], the azimuthal angle (ψ) becomes negative (sinψ < 0) and the DW moves against the electron flow. This situation corresponds to region 2 (red shade) in Fig. 6(c) . This change of sign of the velocity prevents hysteretic switching to occur. In contrast, when the DMI is compensated by a large in-plane field [ Fig. 5(a,b,e,f) ], the tilting angle is intermediate and relatively constant. The azimuthal angle remains small but positive, therefore, the DW always moves along the electron flow, independent of the DW tilting (region 3, green shade). The corresponding magnetization configurations are represented in the images with the same panel number in Fig. 5(g,h) . The transition from panels 1 to 4 in Fig. 5(d) implies that the domain wall velocity changes its sign. Therefore, there should be a region of parameters where the domain wall velocity vanishes. Close to this transition point, our rigid model does not properly apply as thermally activated domain wall nucleation (e.g. at the edges of the wire) tends to dominate over domain wall propagation. Nonetheless, the phenomenological model explains qualitatively the observation in the domain wall propagation regime.
In conclusion, we show the feasibility of structural engineering in SOT based devices, and attain a large SOT effective field and a large DMI in the Pt/Co-Ni/Ta system because of the different signs of SOT and DMI induced by the top and bottom heavy metal materials. Similarly, we observe a small SOT and DMI in the Pt/Co-Ni/Pt system because of the cancellation of SOT and DMI from the two heavy metal layers. By extracting the top and bottom HM/FM interfacial contributions to SOT and DMI, we find that the bulk contributions are important in SOT while interfacial contributions are dominant in DMI. We show that the SOT and DMI do not necessarily originate from the same interface, and can be engineered separately. The mechanism of SOT current induced switching is also explored and we demonstrate that a large in-plane assist field is necessary (~1000 Oe) for full switching in the Ta capped sample due to a large negative DMI (− 1038.6 Oe). In contrast, systems with smaller DMI such as the Cu capped sample only need a moderate assist field to achieve hysteretic reversal. Our findings shed light on the structural engineering in SOT based devices and the role of DMI in the current induced SOT switching. (1) . The samples were deposited on a thermally oxidized silicon wafer by ultra-high vacuum magnetron sputtering at room temperature. Ar (~2.3 mTorr) gas was used during the sputtering process. The films were then patterned into cross-shaped wires with the width of 10 μ m by photolithography and ion milling processes.
Methods

DW velocity measurement.
A circular domain is created on the as-deposited film surface around a nucleation center. An in-plane field H (~0-1000 Oe) is applied to the film with a small out-of-plane tilting angle (θ ~ 8-10°). Polar Kerr microscopy is used to monitor the DW motion. The DW velocity with the presence of an applied in-plane field (H) can be determined from the DW displacement and the interval between two Kerr images. Each data point in Fig. 3(c) is an average of five measurements to reduce the measurement error. The anisotropy field H K and saturation magnetization M S in 4 different capping layers (Table 1) were obtained from vibrating sample magnetometer (VSM) measurements (see Supplementary Fig. 6 ).
Fitting of DW velocity curve and obtain H DMI . The DW velocity under an out-of-plane applied field H z in the creep region can be described by the creep law 
